Woodpile photonic crystals are amongst the preferred candidates for the next generation of photonics components. However, the photocurable resists used to produce them still lack the optical properties (high-n, non-linearity) suitable for photonics applications. A chemical bath deposition protocol has been adapted to deposit high-n/non-linear chalcogenide CdS on the surface of Ormocer® woodpiles. The deposition parameters have been adjusted to obtain heterogeneous growth of CdS layers on the Ormocer® surface. The layers shift the photonic band-gap and increase its amplitude by more than 15%. Software simulation confirmed that the woodpile effective refractive index underwent an excess of 30% increase.
Introduction
Artificial micro-structures with an optical band-gap equivalent to the energy-gap in semiconductors promise a generation of new devices addressing the demand for ever-faster computers and optical communications [1] [2] [3] [4] . Named photonic crystals (PhCs), these structures represent a new class of devices for guiding and processing light through the spatial periodicity of their dielectric function. Matter-light interaction is obtained when such periodicity matches the wavelength range of the electromagnetic field to manipulate. The fabrication of convincing tridimensional modular arrangements using high refractive index (n) solids have been the main goal of researchers since the publication of the conceptual base for 3D PhCs and photonic band gap (PBG) materials, back in 1987 [5, 6] .
The successful realization of high-quality PBG materials is determined by two key factors: firstly, the ability to build 3D arrays through refined micro-fabrication techniques and secondly, the need for control and improvement of the materials optical properties (high-n, optical non-linearity etc). Regarding the first point, a variety of fabrication methods have been developed to produce photonic structures, ranging from conventional lithography [7, 8] , colloidal self-assembly [9] [10] [11] (SA) and holographic lithography (HL) [12] . Although very effective in producing PBG materials, these approaches (especially SA and HL) still require complex and external multi-step procedures to introduce intentional geometric defects inside the micro-structures [13, 14] . In this sense, the alternative represented by the direct laser writing (DLW) approach is effective, flexible and straightforward to realize arbitrary-shaped photonic structures in three dimensions [15, 16] . Amongst DLW techniques, two-photon polymerization (TPP) offers the most promise for creating complex three-dimensional structures at fine length scales (tens of nanometers). In the TPP technique, the focus of a laser beam is translated within a photo-polymerizable matrix, which is locally cross-linked through the excitation of a two-photon initiator. The possibility to obtain photonic structures with TPP has been extensively demonstrated [15, 16] , and in particular PhCs in form of woodpile assemblies have been addressed as the most promising [16, 17] . However, the majority of such structures have been fabricated using conventional organic or hybrid organic/inorganic photoresists of low refractive index. As a consequence, their low n and low optical non-linearity make them unfit to provide the 3D structure with strong PBG confinement and versatile PBG engineering, both of which are pursued for device applications [17, 18] . Attempts to obtain high-n woodpile PhCs have been made using the resist structures as a template for high-n semiconductors infiltration [19, 20] , or even, and more convincingly, using DLW directly on high-n photo-sensitive inorganic chalcogenides [21, 22] . The limitation of the infiltration approach lies in the complicated procedures, expensive facilities and strict requirement on the mechanical stability of the template. Therefore, it is difficult to scale down the structural elements to achieve PBG below 2 µm. On the other hand, the DLW of chalcogenide glass still presents unresolved issues related to spherical aberration and depth-dependent intensity decrease of the laser focus spot when writing such high-n materials. However, what reported by Wong et al. [21] is remarkably the first example of complete PBG measured in a woodpile structure obtained by DLW ever reported.
In this work a fast protocol to precisely engineer the effective n value of a hybrid organic/inorganic template woodpile structure is described, and the effect on the PBG over a wide range of wavelengths in the telecommunications regime is reported. High-n and non-linear CdS multilayered films have been deposited on the surface of a 3D PhC fabricated with TPP technique using a modified chemical bath deposition (CBD) approach [33, 45, 46] . The protocol has been optimized for the controlled deposition of a binary chalcogenide on the whole surface of a 3D PhC template. The method has the inherent advantage of creating a homogenous coating on the woodpile structure along all spatial directions, therefore bypassing a crucial limitation typical of mono-directional coating techniques. The coating can be performed at room conditions and it is extremely inexpensive; it works at moderate temperature with no need of controlled atmosphere and/or high-vacuum systems [34] . Furthermore, the possibility to perform the protocol on non-conductive substrates (Ormocer® is an organic-inorganic hybrid) gives further advantage compared to electro-chemical techniques [31] . The overall protocol is cheap, fast and highly reproducible.
Experimental details
The micron-scale PhC was fabricated using a designed Ormocer® (OrmoCore B59, 1.8% Irgacure 369) from MicroResist Technology. Femtosecond laser pulses (~200fs) operating at 580nm were focused into the resist with an oil immersion objective (Olympus, numerical aperture 1.4, 100 × ) using a 76MHz repetition rate according to [43] . The polymerized PhC was developed using a 1:1 v/v mixture of 2,4-pentanedione and 2-propanol.
Prior to CdS deposition, the PhC surface was pre-sylanized with immersion in a 5% (wt) aminopropyl triethoxy silane (APTES) solution in toluene, at 60°C for 5 minutes. CdS was deposited using a modified chemical bath deposition (CBD) approach. A solution of cadmium acetate (0.33 g), ammonium acetate (0.06 g) and ammonium hydroxide (13 mL) in distilled water (37 mL) was heated to 80° under constant stirring. The substrate containing the polymerized PhC was immersed into the hot Cd precursor solution for 10 minutes to complex the Cd ions on the APTES amino-terminations. A water solution (20 mL) containing thiourea (0.13 g) was then added. The deposition of a 20nm thick CdS layer was observed after 2 minutes. The sample was then extracted and quickly rinsed with excess of fresh distilled water. The linear optical characterization of the CdSs layers has been performed using a UV-1601 Shimazdu bench spectrophotometer. The optical characteristics of the PhC have been measured using a Thermo-Nicolet FTIR microscope in transmission mode pointing the beam in the woodpile stacking direction [44] .
Results and discussion
Figure 1(a) shows an SEM image of a 60 × 60 × 13.5 µm 3 woodpile structure obtained using commercial Ormocer® resist. The structure is a replica of the template used for CdS deposition [23] .
A 10µm thick frame was fabricated around the woodpile arrangement to prevent the structure from collapsing and to minimize the effect of the polymer shrinking during the postdevelopment stage. The in-scale schematic in Fig. 1 (b) evidences the spatial repetition of the perpendicular rods.
The lattice period a and the repeated layers height d are related according to d/a = √2, which gives the structure a face-centered-cubic (f.c.c.) space group [7] . The rods' surface of the woodpile has then been functionalized with aminopropyl triethoxysilane (APTES) molecules using the residual Ormocer® surface silanols [24] as anchoring sites. A thin layer of Cadmium Sulfide (CdS) has been deposited on the pre-functionalized surface of the PhC using a CBD approach. The APTES amino-terminations coordinate the CdS growth on the woodpile surface complexing the metal ions in solution. No CdS deposition has been observed without the APTES pre-functionalization step.
CdS has been the material of choice in the production of 3D PhCs mainly for inverse opal structures [25] [26] [27] since it appealingly combines some of the fundamental materials requirements in photonics: a high refractive index, a marked optical non-linearity and transparency in the visible and near-infra red (NIR) wavelengths region [28, 29] . Other binary bulk chalcogenides (i.e. CdSe) have been deposited for the realization of electro-deposited 2D [30, 31] and inverse opals 3D phonic arrays [26] . With the exception of CdS in the form of luminescent quantum dots [32] , to the best of the authors' knowledge there is no report in literature of 3D TPP woodpile structures realized using CdS in its bulk form. The APTES-PhC was immersed in the aqueous bath, and the deposition parameters have been adjusted to obtain heterogeneous nucleation of CdS on the functionalized Ormocer® surface, which was found to trigger the growth of continuous semiconductor layers. Undesired homogeneous nucleation of CdS nanocrystals in the solution bulk is avoided by reducing the concentration of free Cd 2+ ions available for CdS precipitation. Such control is obtained using ammonia as a complexing agent. Only a small concentration of free Cd 2+ ions is released for CdS formation thanks to the low equilibrium constant of the ammonia-cadmium complex dissociation (K e = 10 −74 [33] ). In addition, the low solubility product of CdS in the aqueous medium favors heterogeneous chalcogenide formation on the functionalized Ormocer® surface.
The SEM image in Fig. 1(c) shows a portion of the PhC after 4 repetitions of the deposition protocol, while Fig. 1(d) is an in-scale representation of the final coated woodpile. The SEM image demonstrates that the deposited material is homogeneously coating the perpendicular arrangement of the PhC rods. It also reveals the presence of the coating up to 4 vertical repetitions of the PhC rod layers, demonstrating the in-depth penetration of the CBD solution into the PhC structure.To confirm the nature of the coating material, together with its optical and morphological characteristics, the deposition protocol has been performed on flat glass substrates, which were pre-functionalized with an APTES monolayer according to a methodology reported elsewhere [34] .
The deposited homogeneous CdS layers appear optically transparent and show a sharp reflectivity. Plots in Fig. 2(a) show the evolution of the transmittance spectra of the film during multiple-layer deposition. The spectra were taken after each of four sequential depositions (20 minutes each), each one performed using a fresh mother-batch solution. The measured band-gap at 494nm (2.51eV) is the expected one for bulk CdS [35] , while the interference fringes at lower energies indicates the formation of a high-n layer. The fringes frequencies allowed for the determination of the layers thickness and refractive index by means of a modified envelope method [36, 37] . Each layer was calculated to be about 200nm thick, resulting in a 10nm/min deposition rate.
The layers have a calculated n of 2.15 @ 1100nm, in agreement with literature values for CBD of CdS films [35, 38] . The layered micro-structure was determined with glancing angle X-Ray Diffraction (XRD), and the resulting diffractogram is shown in Fig. 2(b) . The reflection signals are those of crystalline CdS in its hexagonal lattice arrangement, consistent with previously reported data for CBD CdS films [33, 39] .
The coating protocol adopted for the Ormocer® PhC was four sequential deposition cycles of 2 minutes, leading to an average of one 20nm-thick layer per deposition. Direct measurement of the rod thickness taken from the SEM image of Fig. 1(c) confirms the 20nm deposition layers. The optical characteristics of the CdS coated PhC have been studied with a Fourier-Transform Infra-Red (FTIR) spectroscope measuring the optical transmission of the woodpile along its stacking direction. a) b) Fig. 3 . Measured transmission spectra of the PhC during successive CdS depositions. The raw spectra were collected using the substrate as the reference. The PBG shifts according to the increasing CdS layer thickness on the structure rod surface in the 0-80mn range.
The plots of Fig. 3 reveal the dramatic effect of the CdS layers on the PhC photonic stop band. The initial APTES-functionalized PhC stop band, centered at 1300nm, undergoes a 375nm shift after four CdS layers are deposited. An average PBG shift of more than 90nm is recorded after each one of the four CdS depositions. The PBG shift is remarkably accompanied by a variation of the stop band amplitude, which shows a 17% increase after the deposition of a 40nm CdS layer.
While the PBG shift is related to a combination of geometric (change in rod thickness [24] ) and optical effects (increase of the effective refractive index, n eff [23] ), the enhanced PBG amplitude is a consequence of the sole n eff increase. A decrease in this tendency is evidenced for CdS layers thicker than 40nm. This trend is attributed to the interplay of the surface roughness of the deposited CdS layers together with a natural decrease of the PBG strength when the optimum filling factor of a woodpile is exceeded [47] . The role of the CdS surface scattering is further highlighted by the appearance of distinguished sub-band transmission in the blue edge of the PBG.
To better expose the combined effect of rod thickness and n eff on the PBG, the band diagram of the woodpile structure before and after each deposition was simulated using the open source MPB software package [40] . The simulation inputs were the geometrical parameters measured from SEM images (Fig. 1) together with the films thickness and the refractive index calculated using the modified envelope method.
The woodpile rod geometry after each CdS deposition was assumed to be that of the starting Ormocer template (144 × 342 nm 2 elliptic sections), increased by a 20nm CdS layer for each one of the deposited layers. The n eff value was calculated by volume averaging the refractive index of the Ormocer template (1.47 [41, 42] ) and the CdS (2.15 from envelope method). Such volume average was calculated assuming that the intersected rods junctions are not accessible and therefore not coated by the CdS layers. The measured shift of the PBG of the woodpile PhC for each deposition step can be accurately modeled ( Fig. 4(a) ). The predicted n eff values in Fig. 4(b) illustrate that the method of multi-layer deposition can be used to engineer the refractive index of 3D Ormocer® PhCs; an 80nm chalcogenide layer is shown to increase the woodpile refractive index by 34%. The simulation confirms within a small error (< 5%) the refractive index and thickness values calculated with the envelope method. This in turn validates the robustness of the proposed protocol and underlines its intrinsic accuracy despite its practical simplicity. The optical properties of the entire 3D woodpile PhC can be tuned varying a few experimental parameters, such as precursors' concentration, deposition temperature, and deposition time.
Conclusions
In summary, an effective method to tune the refractive index of Ormocer® PhCs obtained with a TPP technique is described. The protocol combines the fabrication flexibility offered by a TPP approach with the favorable optical characteristics of CdS as the binary chalcogenide for photonic applications. The ability to control the CdS deposition parameters, critical to the final optical quality and refractive characteristics of the PhC, makes this method suitable for production of high precision devices. A fine tuning of the PBG wavelength of the PhC over a 375 nm range has been demonstrated, as well as a 17% increase of the PBG amplitude after the deposition of a 40nm CdS layer. With this method it could possible to realize high-n and non-linear woodpile PhCs operating in the telecommunication wavelengths or even in the visible wavelengths by modifying the periodicities of the structures.
